The phase of in-spiral of double compact objects (DCOs: NS+WD, NS+NS, BH+NS, and BH+BH binaries) in the disk field population of the Galaxy provides a potential source in the frequency range from 10 −4 to 0.1 Hz, which can be detected by the European New Gravitational Observatory (NGO: eLISA is derived from the previous LISA proposal) project. In this frequency range, much stronger gravitational wave (GW) radiation can be obtained from DCO sources because they possess more mass than other compact binaries (e.g., close double white dwarfs). In this study, we aim to calculate the gravitational wave signals from the resolvable DCO sources in the Galaxy using a binary population synthesis approach, and to carry out physical properties of these binaries using Monte Carlo simulations. Combining the sensitivity curve of the eLISA detector and a confusion-limited noise floor of close double white dwarfs, we find that only a handful of DCO sources can be detected by the eLISA detector. The detectable number of DCO sources reaches 160, in the context of low-frequency eLISA observations we find that the number of NS+WD, NS+NS, BH+NS, and BH+BH are 132, 16, 3, and 6, respectively.
Introduction
Gravitational waves (GWs) are a natural result of Einstein's theory of gravity resulting from a space perturbation of the metric traveling at the speed of light. This phenomenon of space-time has still not been directly observed on the ground such as LIGO or VIRGO, because there exist seismic and gravity gradient noise. The observation of the binary pulsar PSR 1913+16, which is a neutron star plus neutron star (NS+NS) system, has given an indirect evidence of GW radiation (Hulse & Taylor 1975; Taylor & Weisberg 1982) . Therefore, the European New Gravitational Wave Observatory (NGO is referred to as eLISA) mission will search the GW radiation in the frequency band between 10 −4 Hz and 0.1 Hz, which is the previous LISA's heritage (Amaro-Seoane et al 2012, and references therein). The main GW sources in this frequency range are extreme mass ratio inspirals (EMRIs) of stellar-mass compact objects orbiting the massive black holes (BHs) (e.g., Glampedakis 2005; Hopman & Alexander 2006) , the coalescence of super-massive BH binaries of merging galaxies (e.g., Iwasawa et al. 2011; Liu et al. 2012) and Galactic compact double binaries (e.g., Hils et al. 1990; Ruiter et al. 2010) . For example, due to the largest population in the Galaxy, close double white dwarfs (DWDs) are believed to dominate the Galactic GW foreground radiation that generate a confusion-limited noise floor for the classical LISA detector, with several thousand of the higher GW radiation signal sources being possibly resolved (e.g., Evans et al. 1987; Hils et al. 1990; Nelemans et al. 2001; Liu 2009; Liu et al. 2010a,b; Littenberg 2011; Nissanke et al. 2012; Shah et al. 2012 Shah et al. , 2013 Nelemans 2013) . In this study, we focus on other types of double compact binaries (DCOs): neutron star plus white dwarf (NS+WD), double neutron star binaries (NS+NS), black hole plus neutron star (BH+NS), and double black hole (BH+BH) binaries. Few studies investigate the importance of these GW sources because these objects are much rarer than the DWD binaries. However, DCOs can radiate stronger GW signals because of higher mass than WDs.
As a physical reality event, DCOs play an important role in stellar evolution of population synthesis studies (Tutukov & Yungelson 1994; Dewi & Pols 2003; Wang et al. 2009; Chen et al. 2011; Zhang et al. 2012; Jiang et al. 2012) , because they are expected to be potential progenitors of related objects, such as ultra-compact Xray binaries (e.g., van der Sluys et al. 2005 ) and short-hard γ-ray bursts (e.g., Eichler et al. 1989; Paczynski 1991; Narayan et al. 1992) . Meanwhile, the final merger processes of the DCOs are expected to be a type of high frequency GW sources for the ground-based GW detectors (such as LIGO or VIRGO). In this class of compact binaries, their merger rates and birth rates are still an open question, especially for systems containing BHs (Abadie et al. 2010b) . Several double NSs (NS+NS) are currently detected through searching binary pulsars, only PRS J0703-3039 (Burgay et al. 2003) belongs to the eLISA frequency ranges, and BH or BH+NS systems have not been observed so far. Therefore a binary population synthesis (BPS) approach has been applied to evaluate the merger rates of DCOs (Hurley et al. 2000 (Hurley et al. , 2002 Han et al. 2007) , and this method has also been systematically used to study the GW radiation in the Galaxy (Nelemans et al. 2001; Liu 2009) .
In this study, we analyze the DCO systems as GW sources in the disk field population that obtained from a BPS model, and address the GW radiation from these sources comparing with the sensitivity curve of the eLISA detector and the confusion-limited noise floor of DWD systems. This study can be used to determine the binary parameters when the BH/NS in-spiral processes can be detected by GW detectors in future. In the next section, the model is described. In Sect. 3, we present the results and discussion in our simulations.
Model
The stellar evolution was based on the work previously presented by Hurley et al. (2000) and Hurley et al. (2002) . The method of calculating GW radiation from double white dwarf systems, combined with the noise curve of LISA, was described by Liu (2009) and Liu et al. (2010a) . Here we use this BPS method (Liu 2009; Liu et al. 2010a) in the same way to investigate the importance of GW radiation from DOC systems with the eLISA in the Galaxy. Below we briefly summarise this method in the current study.
In the BPS model, the rapid binary stellar evolution (BSE) code (Hurley et al. 2000 (Hurley et al. , 2002 was used to investigate the evolution of binary stars. This BSE code was built on the Cambridge stellar evolution tracks (Eggleton 1971 (Eggleton , 1972 (Eggleton , 1973 , and the input physics were updated by Han et al. (1994) and Pols et al. (1995) , and various initial distributions of components are performed using a Monte Carlo simulation simulation including the initial mass function (IMF) of primary, the initial mass ratio, the initial orbital separation, the initial eccentricity and the binary space model in the Galaxy. This code provides an opportunity for calculating the evolution of a binary by given its zero-age main-sequence mass (ZAMS) and metallicity. For these DCO sources, we need to obtain the evolutionary results at the formation of a stellar remnant: a WD, a NS, or a BH. Some of the most relevant features (e.g. wind accretion, orbital changes due to mass variations, tidal evolution, magnetic braking, supernovae kicks, roche lobe overflow, common-envelope evolution, coalescence of common-envelope cores, and collision outcomes) of the BSE code can be found in Hurley et al. (2002) .
For the component WD of NS+WD system, three types of WDs are distinguished in the BSE simulation: a He WD (formed by complete envelope loss of a first giant branch star with mass less than the maximum initial mass of igniting in a helium flash), a CO WD (formed by envelope loss of a thermally pulsing asymptotic giant branch star), and Oxygen/Neon WD (envelope loss of a thermally pulsing asymptotic giant branch star). Note that if the CO WD accretes enough mass M acc , then this CO WD will explodes without leaving a remnant, wile an Oxygen/Neon WD leaves a NS depending on the hypotheses on the use of accretion-induced collapse (AIC) (Nomoto & Kondo 1991) . In the BSE code, the valve of Chandrasekhar is always given by M Ch = 1.44M ⊙ .
If a NS or BH is obtained from the BPS simulation, its gravitational mass can be evaluated by
where M c,SN is the mass of the CO-core when the supernova explosion is occurred. During an asymmetry explosion process, a velocity kick can be produced from an explosion with leaving a remnant (a NS or a BH) (Lyne & Lorimer 1994) . To obtain the kick velocity v k , we choose the kick speed from a Maxwellian distribution
We use velocity dispersion σ k =190km/s, which is consistent with the data on pulsar proper motions (Hansen & Phinney 1997) . Note that we only refer to the DCO objects in the Galaxy field population using a thin disk model (Equ. 13 of Liu 2009), and exclude the DCOs resided in halo and bulge from our simulation. That is because that most of these DCO binaries have long orbital periods (P orb > 5.6 hrs corresponding to log f < −4.0 Hz) leading to relative small contributions to GW signals . And the dynamical interacting (e.g., evolution of stars in the globular clusters) in the Galaxy is not considered in the current study. We note that the binary stellar evolutionary channels lead to the production of DCOs with circular orbits, even if the ZAMS eccentricity is non-zero in the simulation, because tidal circularization and synchronization are rapid when a system contains a near-Roche lobe-filling convective star. This is an assumption in the BSE code. Table 1 Parameters for three types of compact remnant objects obtained from the binary evolution.
Initial mass remnant mean remnant mass
By means of a BSE code and a Monte Carlo simulation, we get three types of remnant objects, that is, WD, NS, and BH. Meanwhile, the initial basic parameters and descriptions are as follows in the BSE code: the tidal enhancement of the stellar wind B is 1000, the mass transfer efficiency for stable Roche lobe overflow (RLOF) is 0.5, the ejection efficiency parameter of a common envelope (CE) is 1, the stellar wind velocity is 20km/s, and the solar metallicity Z is 0.02. And we also assume a constant star formation rate (SFR) over the last 13.7 Gyr in the simulation. The detailed descriptions of these parameters can be found in some studies (Han 1998; Hurley et al. 2002) . Therefore, we can trace the evolution of these objects using the BSE code and calculate the boundaries for the initial masses of progenitors of WDs, NSs and BHs. The mass parameters for these three types of DCO objects are summarized in Table 1 . Indeed, these acceptable vales of initial mass and mean remnant mass listed in Table 1 are in common with other studies (Han 1998; Ziolkowski 2010) . In addition, Belczynski et al. (2010) have investigated the importance of supernova kicks in BH or NS formation processes. We assume σ k = 190km/s as a input parameter in the BSE code.
In this study, a two year mission lifetime is assumed, a width of a resolvable frequency bin is ∆f = 1/T obs = 1.6 × 10 −8 Hz. Petiteau et al.( 2008) showed the eLISA/NGO sensitivity curve, which averaged over all sky locations and polarizations and did not include the foreground noise of close white dwarfs. And based on this sensitivity curve, we creat the time series for the source signals and add the individual time series of the calculated sources to produce the total data stream. Similar calculations of the GW signal analysis combined with a GW detector can be found in Timpano et al. (2006) , liu (2009) and Nissanke et al. (2012) . Note that we should select all DCO systems that have a signal above the (signal-tonoise ratio: S/N = 7) sensitivity limit of the eLISA detector. In this study, S/N>7 is considered the lowest acceptable threshold.
Results and discussion
Basing on a population synthesis code, from a sample of 10 7 binaries, we obtain DCO (NS+WD, NS+NS, BH+NS, and BH+BH) systems. According to the evolutionary trace of these four types of DCOs in the BSE code, we give the descriptions of physical properties (e.g., birth rates, distributions of orbital frequency, and chirp mass) and the GW radiation contributions of these DCO sources.
On the basis of evidence in section 2, in table 2 we list the Galactic birth rates and total numbers for four types of DCOs from the BPS simulation and the number of systems that can be detected by the eLISA detector. From this, we see that the detectable number of all DCO sources is 157. The NS+WD detectable sources reach 84.1% of the total DCOs, the percentages are 10.2% for NS+NS systems, and 5.70% for BH+NS and BH+BH binaries. Within the entire DCO binaries predicted for the present time in our Galaxy disk, NS+WD sources are supreme (73.7%), with a chief contribution of NS+NS (25.8%) systems, and a very small fractions of BH+NS and BH+BH (0.500%) sources. We note that investigating the different input parameters from BPS simulation can change the maximum percentage uncertainty of DCO systems up to a factor of ∼ 3.25. This shows that the number of DCO systems is consistent with the Galactic birth rate in table 2. Note that the number quoted here is based on the assumption that one binary with M 1 > 0.8M ⊙ is formed per year in our Galaxy (Iben & Tutukov 1984; Yungelson et al. 1993) , and one assumes a constant star formation rate SFR= 5M ⊙ /yr, where 5M ⊙ stands for the average binary mass. In table 2 the DCO systems' birthrate in the Galaxy is the convolution of the distribution of the delay times (DDT) with the star formation rate (SFR) (Greggio et al. 2008 ). Due to a constant SFR, the birthrate of DCO systems is only related to the DDT, which reveals a function relation in different formation times of DCOs . Finally, in our simulation we also assume a solar metallicity Z = 0.02 and 100% binaries. Additionally, the DCO systems with mass-transfer or merged are excluded from the BPS simulation. The orbital frequency of a DCO will increase due to GW radiation, so the orbital frequency is an important physical characteristic in the present study. In Figure 1 , we present the distribution of orbital frequency for four types of DCOs including NS+WD, NS+NS, BH+NS, and BH+BH. From this, we see that the orbital frequency distributions are different for four types of DCO systems, which are characterized by one or two distinct peaks. For NS+WD systems, a notably higher narrow peak occurs at log f = −3.35Hz (P orb ∼ 1.24 hrs) and nearly 50% of numbers are less than a vale of orbital frequency log f = −4 Hz with a shorter broad peak at log f = −4.6Hz (P orb ∼22.1 hrs). For NS+NS systems, most of samples are gathered in the orbital frequency range 10 −4 to 10 −5 Hz (P orb ∼ 5.6 − 55.6 hrs). For BH+NS systems, a high peak is appeared in the orbital frequency log f = −4.2 Hz (P orb ∼8.8hrs). For BH+BH systems, we note that the orbital frequency distribution is similar to the case of BH+NS, the differences are not very large besides the peak value log f = −4.7 Hz (P orb ∼27.8 hrs).
We can know two kinds of information from Figure 1 . Firstly, Podsiadlowski et al. (2003) shown that the formation of a NS or a BH in a binary system should experience a CE event, and this time-scale in formation of CE process is often dynamically unstable (Paczynski 1976) . If double NS (or BH) binaries that enter the RLOF as events, they always coalesce immediately as possible γ-ray bursts. In this present work, we assume that if there is not enough orbital energy to release the CE, it leads to a merger when a common envelope is formed. We note that the formation channel for a maximum value in each panel of Figure 1 is shaped by the CE phase. Specially, at orbital frequencies above 10 −3 Hz (corresponding to a shorter orbital period less than 0.56 h), the DCO systems are obtained from two successive CE evolutionary phase, and they are resolved sources (See section 3.3). This is because that dynamically unstable mass transfer is expected to lead to the formation of a CE. And because of more CE evolution phases, the evolution of more massive progenitors trend to produce DCO binaries with shorter orbital periods (Han 1998 ). Secondly, a synchronization time-scale (Hurley et al. 2002) can affect the formation of DCO binaries, because the components may be spun up by mass transfer. For example, a WD-NS binary with a separation 10 times the WD radius would have a very long circularization time-scale ( ∼ 10 14 yr), thus the degenerate damping is dominant only for WD-NS systems in which the separation can become very small. For the extreme conditions of short orbital period sources (e.g, AM CVn stars and ultra-compact X-ray binaries) in the BPS simulations, we note that the information on the physics of tides and the stability of the mass-transfer processes is not investigated in the current study.
The chirp mass distribution of DCO systems
A binary system radiates GWs and loses angular momentum, so the separation decreases and the GW amplitude increases, which leads to a measurable characteristic"chirp" signal. According to the definition of "chirp mass" for a binary system M chirp = m Schutz (1996) displayed the frequency evolution of a binary due to GW radiation. In practice, for high-frequency binaries, this means that during a long observation time T obs , the "chirp" signal can be detected by the eLISA detector (Evans et al. 1987) .
In Figure 2 , we present the chirp mass distribution for four types of DCOs in our model. From this we find that the averages of the chirp mass for the NS+WD, NS+NS, BH+NS, and BH+BH are 0.93M ⊙ , 1.27M ⊙ , 2.50M ⊙ , and 7.13M ⊙ , respectively. Note that the chirp mass of PSR J0737-3039 (NS+NS) is 1.13M ⊙ (Lyne et al. 2004 ), which is not much different from our calculations within a deviation σ M chirp = 0.14M ⊙ . We also find that the chirp mass distributions are very different for the four subclasses. For NS+WD systems, they bridge a narrow range: M chirp ∼ 0.72 − 1.27M ⊙ and peak at M chirp ∼ 0.95M ⊙ . For NS+NS systems, a well-known narrow peak occurs at M chirp ∼ 1.17M ⊙ with a stepping tail that extends to M chirp ∼ 1.57M ⊙ . For BH+NS and BH+BH systems, the chirp mass distributions have a wide range: M chirp ∼ 1.8 − 3.2M ⊙ for BH+NS and M chirp ∼ 5.7 − 10.8M ⊙ . A resolved chirping DCO binary can be used to measure the luminosity distance to the source directly, based on the chirp line for T obs = 2 yrs (e.g., Equ.6 of Nelemans 2001) we find that the number of resolvable DCO binaries with the chirping signal is 136.
As displayed above, the significantly different results can be explained as follows. Firstly, a comparative distribution of NS+NS and BH+BH binaries with a similar shape depends not only on the choice of single star mass when BHs (or NS) are formed, but also, at some level, on the assumption that an NS collapes to a BH when it accretes enough material to its mass above 1.8 M ⊙ (Bombaci 1996) . This mass is not well constrained. In this work, if an ONeWD or COWD accretes CO or ONe material, which swelled up around these compact cores, and this new mass exceeds the Chandrasekhar mass, M Ch , so the process of electron capture on 24 Mg nuclei leads to an AIC process (Nomoto & Kondo 1991) and the formation of an NS. Meanwhile, whether a condition of thermonuclear explosion is actually not clear. The temperature produced at the core-disc boundary mostly depends on the accretion rate. If the temperature is hot enough to ignite carbon and oxygen, then the WD is converted to an ONeWD relies on competition between the rate of propagation of the flame inwards, which is judged by the opacity, and the cooling rate of the WD. All of the uncertainty can influence the mass determination of NS (or BH), and then affect the GW radiation characteristic parameter M chirp . Secondly, for BH+BH (or BH+NS) systems it is obvious that the BH mass is the decisive factor leading to the calculation of chirp mass. Note that the chirp mass coverage range (M chirp ∼ 1.8−10.5M ⊙ ) predicted in the disk population of Galaxy is consistent with the results of stellar mass population of Galactic BHs with high metallicity environment (Ziolkowski 2010) . Thirdly, the phase of dynamical mass transfer plays an important role in the formation BH or NS. For example, dynamical mass transfer of helium or CO on to a COWD or ONeWD causes the formation of a thick accretion disk around the more massive WD (M +∆M ), and the coalescence is happened over a viscous timescale. If the mass of M + ∆M > M Ch , it explodes as a possible type Ia SN (Branch 1998) , leaving no remnant. But a spherically symmetric evolution model of Saio & Nomoto (1998) suggested that the AIC NS can be also formed rather than type Ia SNe although the mass greater than M Ch . Figure 1 , but for the strain amplitude h as a function of the frequency for four types of DCO systems. In each panel, the grey shade displays the density distribution of the resolved systems; the black line gives the averaged GW foreground due to a contribution of DWD systems in the Galaxy (Liu 2009 ); the red line stands for the expected eLISA sensitivity curve using the simulator LISA-Code 2.0 (Petiteau et al. 2008) . For a reference, we also display the sensitivity curve (blue line) of previous LISA detector (Larson et al. 2000) .
Meanwhile the Eddington limit (Cameron 1967 ) is considered in the accreted material of WD, NS or BH.
3.3. The GW radiation signature for resolved sources
According to the description of criterion in previous studies (Liu 2009; Liu et al. 2010a) , which can be summarized as "one bin rule + the average foreground noise of DWDs + the eLISA sensitivity curve", the detectable numbers for four types of DCOs from the BPS simulation have been listed in Table 2 . In Figure 3 , we separate out the different kinds of DCOs in each panel. We plot the GW radiation distribution from the resolved sources (the grey shades) for four types of DCO systems. We also display the sensitivity limits of previous LISA (Larson et al. 2000) . The solid line stands for the average foreground that are produced by DWDs (Liu 2009) . From this, in each panel we can see that only a few DCOs can be detected by the eLISA detector, which has become less sensitive than previous LISA.
The main purpose of this study is to find out how many resolved DCO sources we can explore with an instrument like the eLISA detector from the GW radiation. For "one bin rule", we assume that at least one frequency in the eLISA data can be detected as GW sources. Here we refer to "one bin rule", we aim to see whether the individual DCO sources can be detected by the eLISA detector with one resolvable bin (∆f = 1.6 × 10 −8 Hz). The DCO binaries, which are the only ones in their corresponding resolvable bins and their strains are higher than the noise curve (including the sensitivity curve of eLISA detector and the foreground noise foor of DWDs ), are called detectable sources. A detected source with frequency f and strain amplitude h that is observed over a time T obs will appear in the Fourier spectrum of the data as a single spectral line. We note that this method is applicable to the Galactic population of detached binaries (e.g., DWDs and DCOs), and is discussed by the characterization GW signal in a mass-transferring system (Timpano et al. 2006) . For "the average foreground noise of DWDs", we use an exponential decay shape to modify the average foreground noise from detached DWDs in the Galaxy (Liu 2009 ), which is not a Gaussian shape and does not include the loudest resolved WD populations. For "the eLISA sensitivity curve", comparing the GW strain amplitude from a DCO system with the average foreground noise of DWDs we can see that whether the individual sources can be detected by the eLISA detector.
Undoubtedly, comparing with previous studies we find that there exist individual resolved DCO systems in the disk of the Galaxy above the predicted average foreground noise of DWDs and the eLISA sensitivity curve, which is likely to be used in the GW study. The estimation of GW radiation agrees well with Nelemans et al. (2001) and Belczynski et al. (2010) , although these authors used different binary evolution assumptions in the BPS model for the underlying DCO population. For example, the change of the binary orbital periods in this work is governed by conservation of angular momentum rather than energy, and during a CE evolution phase a DCO system can have a shorter orbital period using the α formalism than ones using γ formalism. Therefore, for the detectable number of DCO sources (e.g., NS+NS, BH+NS, BH+BH), Nelemans et al. (2001) cited those number as 38-124, 8-31 and 0-3, while Belczynski et al. (2010) displayed 0.4-5, 0-0.6 and 0-3.5 respectively. Due to so many assumptions as input as BPS simulations, we need to note that there exists uncertainties in this prediction. We have studies the effect of different physical parameters (e.g.,the ejection parameter of CE, the mass transfer or stellar wind parameter, and tidal evolution) and the various initial distributions of components (e.g, e, IMF and q) on the GW radiation from DCOs. We find that the number of detectable sources of NS+WD, NS+NS, BH+NS ,and BH+BH can range from 62 to 429, 7 to 52, 0 to 10, and 0 to 19, respectively. Additionally, a form of understanding the CE evolution mechanism is provided by the DCO binaries whose characteristics can be investigated if a significant amount of angular momentum and mass have been removed from the precursor system. Finally, we have not included any GW signals from EMRIs and super-massive black hole in-spirals in this work.
To summarize, we create a population of DCO systems using a Monte Carlo simulation and discuss the importance of some physical process and parameters on the formation of DCO systems in detail. Although the presence of many uncertain factors (e.g., the CE evolution question) should influence the outcome of this work, a simulation of the GW radiation from DCO systems has been still carried out using the BPS model. We present the distributions of orbital frequencies and chirp masses for DCO systems that are observable with the eLISA detector in a one-year observation. The total resolvable numbers of DCOs can take up to 200, and we find that the estimate for the number of resolved DCO sources ranges from 5 to 167.
